Sleep is an evolutionarily conserved phenomenon that is clearly essential for survival, but we have limited understanding of how and why it is so important. Adenosine triphosphate (ATP)/adenosine signaling has been known to be important in the regulation of sleep and recent evidence suggests a critical role for gliotransmission in the modulation of sleep homeostasis. Herein, we review the regulation of ATP/adenosine in the nervous system and provide evidence of a critical role for astrocyte-derived adenosine in the regulation of sleep homeostasis and the modulation of synaptic transmission. Further understanding of the role of glial cells in the regulation of sleep may provide new targets for pharmaceutical intervention in the treatment of brain dysfunctions, specifically those that are comorbid with sleep disruptions. V V C 2012 Wiley Periodicals, Inc.
INTRODUCTION
We all sleep; we all know it is essential, yet experts still debate its purpose. However, it is clear that sleep is essential for our survival (Banks and Dinges, 2007) . Even a modest restriction in total sleep time over the course of several days leads to poor performance and cognitive impairments. Indeed, there are numerous examples of disasters in society, where sleep deprivation (SD) has been determined to be a contributing factor. Because of the importance of sleep for human performance, there is intensive investigation into the mechanism controlling this process. During the past 3 years, we have become aware that mammalian glia play crucial roles in the regulation of sleep, and herein, we review evidence for the role of astrocytes in the regulation of sleep homeostasis .
Sleep is conserved across the animal kingdom. For example, Drosophila and zebrafish exhibit rest periods that are characterized as sleep. Sleep can be categorized into two distinct core components: the circadian oscillator and the sleep homeostat (Franken and Dijk, 2009 ). The circadian oscillator sets the timing of wakefulness. For example, when we fly across time zones, we wake at the wrong time of day/night because our oscillator takes days to reset its rhythm to the light/dark cycle of the new time zone. The sleep homeostat, in contrast, does not set the timing of wakefulness but instead integrates the amount of time that we are awake and provides the pressure or drive to sleep. If one stays awake late at night, the subsequent drowsiness or pressure to sleep is provided by the sleep homeostat. The mechanisms controlling circadian oscillations and sleep homeostasis are distinct.
Though there is now abundant evidence that glial cells can control circadian oscillations (Suh and Jackson, 2007) , this review will focus on sleep homeostasis, where recent evidence has shown the importance of astrocytes in the control of this important daily process.
ASTROCYTES RELEASE GLIOTRANSMITTERS AT THE TRIPARTITE SYNAPSE
Much of neuroscience of the past century was dominated by the study of neurons, and these investigations catapulted our understanding of brain function. This focus was largely the result of the availability of techniques to study neurons, specifically electrical recording and stimulation protocols. However, glial cells, which are electrically inexcitable, were effectively mute when these approaches were used. The development of imaging and Ca 21 sensitive indicators, however, allowed the identification of glial excitability: for example, that astrocytes respond to receptor activation with Ca 21 mobilization (Cornell-Bell et al., 1990) . In 1994, it was accidently discovered that astrocytes can release glutamate in response to receptor induced Ca 21 signals (Parpura et al., 1994) . Since that time, other signals have been demonstrated to be released and numerous studies have now shown that the astrocyte, which contacts pre-and postsynaptic structures at the tripartite synapse, can modulate synaptic plasticity in vitro, in situ, and in vivo (Halassa and Haydon, 2010) .
After discovering that astrocytes can release gliotransmitters, we have asked whether this process can modulate behavior and have sought to identify underlying mechanisms. In this review, we will focus on one class of gliotransmitter-the adenosine triphosphate (ATP)/ adenosine system-but by doing so we do not mean to minimize the importance of gliotransmitters for other regulatory processes. Instead we choose to focus here because of our extensive knowledge in this area and because behavioral phenotypes with potential clinical relevance have been identified.
Before discussing the control of sleep by the astrocyte, we first provide a framework on understanding of the regulation of adenosine, a critical gliotransmitter that can modulate sleep.
THERE ARE MANY SOURCES OF ADENOSINE THAT CAN BE RECRUITED UNDER DIFFERENT CONDITIONS
Adenosine can be derived from many sources in the nervous system as detailed in Fig. 1 . One prominent idea is that ATP is released and when in the extracellular space it is hydrolyzed to adenosine diphosphate (ADP), adenosine monophosphate (AMP), and ultimately to adenosine. Evidence has accumulated for this form of release being mediated by neurons and astrocytes. ATP can be potentially released by an exocytotic mechanism or via channel mediated release.
Another pathway of release is the direct release of adenosine. Recent evidence has shown action potential-dependent release of adenosine in the cerebellum mediated by a direct release pathway consistent with exocytosis of adenosine (Klyuch et al., 2012) . In these studies CD73 2/2 mice were used to eliminate the extracellular 5 0 hydrolase that is necessary for the hydrolysis of AMP to adenosine while monitoring adenosine using adenosine biosensors. Despite the absence of CD73, activity dependent adenosine accumulation was still detected, and this release was sensitive to bafilomycin A1, an inhibitor of the proton pump that is required to fill vesicles with transmitter. It is important to appreciate that there are multiple enzymes that can hydrolyze AMP to adenosine (Fig. 1) , thus a CD73 2/2 alone may be insufficient to conclude that adenosine is released directly. However, in support of their contention, they did show that the hydrolysis of exogenous AMP was reduced by 91% in CD73 2/2 mice, leading the authors to suggest that adenosine is released from adenosine-filled vesicles. The nature of the transporter responsible for filling the vesicles is still to be defined.
Adenosine is taken up into cells via either concentrative nucleoside transporters or equilibrative transporters (ENTs). The ENTs facilitate the transport of adenosine along concentration gradients (Parkinson et al., 2011) . Thus, under conditions of elevated metabolic demand, when intracellular adenosine levels rise, adenosine can be directly released through the ENTs. One condition under which this pathway probably contributes significantly to elevating extracellular adenosine is during hypoxia. It is unlikely that this pathway contributes to adenosine-mediated modulation of sleep because application of ENT inhibitors, in vivo, lead to an elevation of extracellular adenosine, a result which is only consistent with an alternate source of adenosine and reuptake via the ENT (Porkka-Heiskanen et al., 1997) . Fig. 1 . Adenosine regulation in the nervous system. ATP is released into the extracellular space via exocytosis or through hemichannels (VAAC, Cx43). Once in the extracellular space, the ATP is hydrolyzed by ectonucleotidases to ADP, AMP, and ultimately adenosine. Adenosine can act on adenosine receptors and can also be taken into cells through equilibrative nucleoside transporters (ENTs). Intracellularly, adenosine can be further metabolized to inosine, hypoxanthine, xanthine, and uric acid. Adenosine kinase phosphorylates adenosine to make AMP.
AN ASTROCYTIC SOURCE OF ADENOSINE
Although it is clear that adenosine can accumulate in the extracellular space through numerous pathways, the cell types which provide this nucleoside have been less clear with many assuming that all release is neural activity dependent and due to ATP being co-released along with classical neurotransmitters from synaptic terminals. Although this source of release can contribute to the extracellular purine pool, significant evidence has also accumulated showing that astrocytes can provide a source of ATP and adenosine and that this adenosine pathway contributes to the regulation of sleep homeostasis.
In 2005 we published results of studies in which we generated conditional astrocyte-specific transgenic mice, which modified the magnitude of basal excitatory synaptic transmission (Pascual et al., 2005) . In these studies we expressed the soluble N-ethyl malemide-sensitive fusion protein attachment protein receptor (SNARE) domain of the vesicle-associated membrane protein 2 (VAMP2) in the absence of the vesicle tail. This truncated protein acts as a dominant negative SNARE (dnSNARE) competing with the endogenous proteins and preventing the formation of the VAMP2-SNARE complex that is essential for regulated exocytosis (Fig. 2) . As a consequence, and as discussed beneath, this manipulation led to a selective reduction in extracellular adenosine. It should be noted that there are numerous VAMP proteins each responsible for different aspects of membrane trafficking and that a SNARE from one VAMP will not substitute for the other (Chen and Scheller, 2001) . Thus, the SNARE domain of VAMP2 does not compete with VAMP8 mediated membrane trafficking events and vice versa. Moreover, there is accumulating evidence that in nerve terminals, different VAMPs regulate the trafficking of different pools of synaptic vesicles: VAMP4 regulates asynchronous release while VAMP2 regulates Ca 21 dependent synchronous release and although both can form SNARE complexes, they form macromolecular complexes with discrete proteins (Raingo et al., 2012) . Consequently, the SNARE strategy we developed is highly selective and interferes with a small subset of trafficking events. The specificity of the dnSNARE perturbation in astrocytes has been confirmed in our control studies, where we show the normal expression of membrane receptors, transporters, K 1 channels, resting potential, input resistance, and Ca 21 despite expressing the SNARE domain of VAMP2 for months (Fellin, 2009; Pascual et al., 2005) .
It is well known that there is an extracellular tone of adenosine that causes a persistent activation of adenosine receptor 1 (A1R) leading to presynaptic inhibition of excitatory synaptic transmission (Dunwiddie and Masino, 2001) . In hippocampal slices isolated from mice in which dnSNARE was expressed selectively in astrocytes, we found an enhanced magnitude of synaptic transmission at the CA3-CA1 synapse. Using pharmacological approaches, we asked whether the enhanced synaptic transmission in dnSNARE mice was a result of reduced A1R activation. Addition of A1R antagonists (either CPT or DPCPX) enhance the magnitude of excitatory synaptic transmission, but in dnSNARE mice the relative enhancement was attenuated compared with littermate controls leading us to infer that astrocytic expression of dnSNARE reduced the extracellular level of adenosine (Fig. 3) . This may be a widespread property in the brain because studies performed in vivo have shown a similar role for astrocytes in the control of cortical adenosine tone (Fig. 4) . Subsequently, the use of adenosine biosensors in hippocampal slices has supported the idea of an astrocytic control of adenosine by showing that astrocytic dnSNARE expression reduces the concentration of extracellular adenosine (Schmitt et al., 2012) . These results demonstrate the fundamental importance of the astrocyte as one source of extracellular adenosine.
We have now used several strategies to probe the mechanism of astrocyte-mediated extracellular adeno- sine accumulation. We first asked whether adenosine is released down a concentration gradient from an intracellular source via equilabrative nucleoside transporters. However, as pharmacological inhibition of these transporters increased A1R mediated presynaptic inhibition, this result is consistent with the transporter being used to take up adenosine into the cytosol. To determine the potential for a SNARE-sensitive release of ATP being the source of adenosine we imaged extracellular ATP in brain slices. Astrocytic expression of dnSNARE significantly reduced extracellular ATP. If ATP is the source of adenosine then pharmacological inhibition of ectonucleotidases should increase extracellular ATP. In agreement with this possibility, the addition of the ectoATPase inhibitor ARL6715 increased ATP in slices obtained from wild type but not dnSNARE mice. Final support for an ATP dependent source of adenosine was provided by the ability of exogenous ATP to reconstitute A1R dependent presynaptic inhibition in dnSNARE mice (Pascual et al., 2005) .
Taken together these results lead us to conclude that ''one source'' of extracellular adenosine is SNARE mediated release of ATP which in hydrolyzed in the extracellular space to adenosine. It goes without saying that there can be other sources of ATP and adenosine: presumably each is recruited under different conditions to control different spatio-temporal aspects of the control of extracellular adenosine.
An intriguing question that emerges from these studies is whether the nucleotides upstream of adenosine are merely precursors of adenosine or whether they play significant signaling roles in their own right. ATP is known to be able to act on the purinergic receptors P2X and P2Y (Burnstock et al., 2011) . Because of the presence of ectonucleotidases, however, released ATP is likely to be hydrolyzed rapidly limiting its spatio-temporal action. ADP activates different receptors from ATP. Finally, AMP has recently been proposed to activate a subset of adenosine receptors: AMP activates A1R but not A2BR (and presumably Fig. 3 . Wakefulness-dependent modulation of A1R mediated presynaptic inhibition requires an astrocytic SNARE-sensitive pathway. A: Four hours of SD significantly reduced field excitatory postsynaptic potential (fEPSP) slope in wild type (WT) mice (P < 0.005, two-way repeated-measures analysis of variance (ANOVA), post hoc SNK t-test, *P < 0.05, n 5 6). B: fEPSP slopes in slices from dnSNARE mice were not sensitive to SD. Insets, fEPSP traces for increasing intensities of stimulation. Scale bar, 0.4 mN, 5 ms. C: Half-maximal fEPSP slope was significantly higher in dnSNARE slices taken following normal wakefulness (ZT0) and following 4 h of SD but not following 4 h of undisturbed sleep (P < 0.005, two-way ANOVA, post hoc SNK t-test; *P < 0.05, n 5 6). D: Tonic inhibition by adenosine A1R was significantly increased by SD in slices take from WT but not dnSNARE, mice (Mann-Whitney U test; Bonferonni's correction *P < 0.05, n 5 6). Adapted from Schmitt et al., J Neurosci, 2012, 32, 4417-4425. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] not A2A; Rittiner et al., 2012) . This selectivity is intriguing as it could allow the ATP dependent adenosine pathway to differentially activate A1R from A2A and A2B receptors.
In addition, there may be regionally specific roles for adenosine in both overall circuit function and the regulation of sleep and sleep homeostasis. For example, it is known that adenosine acting through adenosine receptor 2A (A2AR) regulates dopamine receptor 2 (D2R) internalization, and in the ventral striatum, there is a downregulation of D2/D3 receptors after SD that may play a role in decreased wakefulness (Volkow et al., 2012) . While in the spinal cord, stimulation of the A1R has antinociceptive effects on baseline pain (Gong et al., 2010) and dnSNARE mice have a reduced threshold to mechanical nociception (Foley et al., 2011) . Below we discuss the role of astrocyte-derived adenosine in both the cortex and hippocampus.
BY REGULATING ADENOSINE, ASTROCYTES MODULATE CIRCUIT FUNCTION IN THE CORTEX
Because adenosine receptors are known to modulate sleep homeostasis (Benington et al., 1995; Thakkar et al., 2003; Ursin and Bjorvatn, 1998) and because of the correlation between wakefulness and elevated adenosine Portas et al., 1997) , a natural next step was to move in vivo and ask whether circuit activity and/or sleep homeostasis is modulated by the astrocyte. The locations of the circuits involved in sleep homeostasis are complex and beyond the scope of this review, for an in-depth discussion of these circuits, please see (Brown et al., 2012) . Additionally, while not discounting the importance of other potential targets of adenosine such as orexinergic neurons and the basal forebrain, we have Fig. 4 . The effects of the A1R antagonist CPT on cortical slow oscillations are potentiated by sleep loss through an astrocytic SNARE sensitive pathway. LFP recordings were made in the somatosensory cortex of either WT or dnSNARE mice. Application of CPT produced an increase in power of slow oscillations (0.4-1 Hz) in WT but not dnSNARE mice, and this increase was potentiated by SD (FFT of 27 s spectral segments, normalized to baseline). Inset, Traces show typical LFP recordings during baseline or following CPT (30 s recording at time 5 22 min). Scale bar, 2.5 mN, 5 s. Adapted from Schmitt et al., J Neurosci, 2012, 32, 4417-4425. focused on the cortex. We performed two classes of experiments: in the first, we studied slow oscillations in anesthetized mice, and in the second, we used cortical electroencephalogram/electromyogram (EEG/EMG) recordings in freely behaving mice to study sleep homeostasis per se.
During non rapid eye movement sleep (NREM sleep) cortical neurons exhibit slow oscillations (also termed up and down states) at a frequency of less than 1 Hz (Steriade et al., 1993a,b) . These events are relatively synchronized amongst cortical pyramidal neurons allowing their detection with local field potential (LFP) measurements (Steriade, 2006) . When one compares slow oscillations in wild type and dnSNARE mice it is clear that astrocytic SNARE expression reduces the power of the slow oscillation ). This, together with EEG studies discussed beneath, provides the first evidence that astrocytes modulate the function of neural circuits.
We already demonstrated that astrocytic dnSNARE expression leads to a reduction in adenosine tone so we asked whether adenosine and A1R could influence the activity of the circuits underlying slow oscillations by acutely applying the adenosine receptor antagonist CPT to the cortical surface. In wild type mice we found that the A1R antagonist augmented the power of slow oscillations and that astrocytic dnSNARE expression blunted this A1R modulation ( Fig. 4 ; Schmitt et al., 2012) . If indeed this circuit modulation is involved in the control of sleep related behavior then one would predict that astrocytes would exert differential modulation of slow oscillations at different times of day. Recently, we have carefully controlled the timing of these studies and have found that a Zeitgeber 0 (ZT0, the time at which lights are turned on in the animal room which is the equivalent of the onset of subjective nighttime) after animals have been awake, there is a large astrocytic SNARE dependent A1R modulation of synaptic transmission and slow oscillations (Figs. 3 and 4) . However by ZT6, when mice have been left undisturbed and allowed to sleep, the magnitude of the astrocytic adenosine mediated modulation declines significantly. To discriminate between a time of day effect and ask whether this change in adenosine modulation of slow oscillations is wakefulness dependent, we sleep deprived mice between ZT0 and ZT6. In agreement with the possibility that the astrocytic adenosine pool is regulated by a behavioral state, we found that SD maintained the elevated adenosine tone in the cortex (Schmitt et al., 2012) .
ASTROCYTES PLAY A PIVOTAL ROLE IN MODULATING SLEEP HOMEOSTASIS
Sleep homeostasis can be monitored using several measures. Central amongst these is the cortical EEG/ EMG that is used to measure the amount of time that an animal is in three different vigilance states-wakefulness, NREM sleep, and rapid eye movement (REM) sleep, as well as to measure the power of different frequency bands of the EEG in specific vigilance states. It is well known that in response to SD the sleep homeostat increases the pressure or the drive to sleep. We can all relate to this personally, when we stay up late at night (acute SD) we feel drowsy and an increased need or desire to sleep. Sleep pressure is measure by increased slow wave activity (SWA), the 0.5-4.0 Hz frequency range of the EEG during NREM sleep. SWA is elevated normally at ZT0 and decreases as the animal is allowed to sleep, it is also enhanced following a period of SD (Fig. 5) . Increased sleep pressure also causes a compensatory increase in sleep time (Fuller et al., 2006; Sinton and McCarley, 2004) .
We used EEG/EMG recordings in freely behaving mice to ask whether sleep homeostasis involves an astrocytic component. Recordings were made for an initial 24 h period (baseline) followed by a subsequent day in which we sleep deprived mice for 6 h between ZT0 and 6, which is equivalent to a SD being performed for the first half of the subjective night time. Conditional expression of dnSNARE in astrocytes led to reduced sleep pressure (Fig. 6 ). During the baseline day, the power of SWA during NREM sleep was reduced compared with littermate controls. More striking was that in dnSNARE mice the increase in sleep pressure in response to SD was significantly attenuated compared with littermate controls. In addition to these changes in EEG, we found that dnSNARE expression prevented the compensatory increase in sleep time that normally follows SD ( Fig. 6 ; Halassa et al., 2009) .
One concern with any transgenic or knockout study is whether the response observed is physiological and whether it represents the primary response to the genetic manipulation. We took these concerns into consideration and performed several controls: first after observing this sleep phenotype we added doxycycline back to the food, which will turn off transgene expression and were able to reverse the phenotype. This controls for potential irreversible effects associated for example with neurodegeneration, as well as for transgene insertional effects. Additionally, we were able to phenocopy the dnSNARE mice by infusion of an A1R antagonist intracerebroventricularly ).
Based on these collective studies, we conclude that astrocytes play an important modulatory role in the control of sleep homeostasis. This is likely due to the ability of the astrocyte to modulate extracellular adenosine and adenosine's consequent actions on neuronal A1R. In support of this possibility is the observation that conditional knockout of forebrain A1R causes a similar phenotype . Manipulation of the expression of adenosine kinase, the enzyme responsible for the phosphorylation of adenosine, and highly expressed in astrocytes, reduces extracellular adenosine and also causes a sleep homeostasis phenotype (Palchykova et al., 2010) .
Studies of humans have shown that there are numerous mutations in the adenosine deaminase gene. Many of these lead to severe immunodeficiency. However, a frequent asymptomatic allele in heterozygous carriers is a G-to-A substitution at nucelotide 22, which leads to a substitution of asparigine for aspartic acid. This substitution leads to lower enzymatic activity of adenosine deaminase. As adenosine deaminase is one of the enzymes responsible for inactivating adenosine, a predicted consequence is that the level of adenosine will be increased, together with the attendant enhancement of sleep. Sleep characteristics of healthy volunteer subjects were analyzed. Studies consisted of two phases. Initially, the subjects provided self-reporting of sleep history. Subjects with the G-to-A substitution in the adenosine deaminase gene report fewer awakenings at night. Subsequently, polysomnographic EEG/EMG recordings were performed to quantify sleep characteristics. Subjects with the G-to-A substitution, which is predicted to lead to enhanced adenosine levels showed longer more intense slow wave sleep. These patients have increased sleep pressure and report feeling sleepier (Bachmann et al., 2012) .
ASTROCYTE-DERIVED ADENOSINE SELECTIVE ACTS ON A1R AND NOT ON A2AR TO MODULATE SLEEP
There are at least four different adenosine receptors: A1R, A2AR, A2BR, and A3R (Burnstock et al., 2011) .
Most of the actions of adenosine in the brain are currently attributed to A1R and A2AR, so we asked if astrocyte-derived adenosine acts specifically on one or both of these receptors. We provided an A1R or A2AR antagonist during the transition from the dark to light phase and determined the resulting enhancement of wakefulness. It is known that A1R selective antagonists as well as A2AR selective antagonists increase wakefulness. This experiment is akin to our drinking a cup of espresso immediately before going to bed-most of us know the resulting difficulties to sleep thereafter. We performed parallel studies in wild-type and dnSNARE mice. To our surprise, we found the dnSNARE expression selectively prevented the ability of A1R but not of A2AR antagonists to promote wakefulness ). There are many interpretations for this initially surprising result. It is known that the distribution of A1R and A2AR is distinct: A1R are expressed in forebrain and A2A more prominently in striatum (Burnstock et al., 2011) . However, we did not find a regional expression of dnSNARE matching this receptor heterogeneity. Therefore, it is unlikely that astrocyte-derived adenosine is not simply reduced only in A1R expressing brain regions.
A recent study has raised the possibility that AMP could be a signal to activate A1R in addition to adenosine. In this study, the authors tested the ability of AMP and nonhydrolyzable analogs of AMP to activate A1R and A2BR. Although adenosine activated both receptors, addition of AMP selectively activated A1R. One potential confound with this study is the contamination of AMP with adenosine given that AMP could be hydrolyzed to adenosine, which is the natural agonist. Thus, trace contamination or hydrolysis could lead to selective A1R activation based on a threshold effect mediated by the differential affinity of the receptors for adenosine. However, an elegant aspect of this study, which provided strong support for AMP being an agonist for the A1R, was the use of a single amino acid substitution that prevented AMP from activating the A1R without altering the EC 50 for adenosine (Rittiner et al., 2012) . Together these results strongly suggest that AMP can selectively act on A1R and not A2B receptors and raises the potential that A2A receptors are similarly insensitive to AMP. If this were indeed the case it may explain why astrocytic dnSNARE expression prevents the ability of A1R antagonist but not A2A antagonist from promoting wakefulness. Perhaps there is sufficient AMP to activate the A1R.
Recently, a study has argued that astrocytes do not activate A1R signaling (Lovatt et al., 2012) . The basis of their argument was that there is insufficient CD73 activity to give rise to adenosine. However, their argument is flawed given the recent indication that A1R is sensitive to AMP (Rittiner et al., 2012) . Moreover, there are several enzymes that can hydrolyze AMP to adenosine (Street et al., 2011) and given the high affinity (100 nM) of the A1R , incomplete pharmacological inhibition or single CD73 2/2 are not sufficient proof for such an argument. Finally, molecular genetic manipulations of adenosine kinase in mice (Palchykova et al., 2010) , polymorphisms in adenosine deaminase in humans (Bachmann et al., 2012) , and CD73 2/2 mice (Zielinski et al., 2012) all exhibit sleep phenotypes providing strong support to the idea that adenosine is a natural signal in the brain that controls sleep.
SLEEP DEPRIVATION IMPAIRS MEMORY CONSOLIDATION
It is well known that sleep can be important for the consolidation of certain forms of memory and that SD can prevent the consolidation of long-term memories (Goel et al., 2009; Kalia, 2006; Walker and Stickgold, 2006) . How does SD prevent memory formation? Given the importance of the astrocyte in homeostatic response to SD we asked whether this glial cell type contributes to related phenotypes-memory consolidation and latelong term potentiation (L-LTP). To achieve this goal, we performed a period of training for either novel object recognition or spatial object recognition tasks (at ZT 5 0) and then tested the animals for recognition memory 24 h later. When mice were left undisturbed following training and allowed to sleep ad libitum, recognition memory was intact 24 h later. However, when mice were subjected to SD for 6 h following training, recognition memory was impaired. Expression of dnSNARE in astrocytes dramatically affected this phenotype. When mice were left undisturbed following training and allowed to sleep, recognition memory exhibited 24 h after the training period was equivalent to wild type animals. In dnSNARE mice, 6 h of SD did not prevent the consolidation of recognition memory .
We then asked whether A1R is required for the SD induced impairment of memory consolidation. Initially we infused the A1R antagonist CPT intracerebroventricularly and found that it phenocopied dnSNARE expression. One concern with this approach is that global application of CPT will affect sleep homeostasis as well as memory related processes. Therefore, we locally infused CPT only into the hippocampus to allow sleep homeostasis to be unaffected. Hippocampal CPT infusion permitted spatial memory consolidation even in the face of SD, suggesting that during SD adenosine acts specifically in the hippocampus to impair memory consolidation .
Hippocampal L-LTP requires protein synthesis and is considered to be a cellular correlate of memory consolidation. We therefore asked whether SD impacts L-LTP. Hippocampal slices were cut from wild type and dnSNARE mice that had either been left undisturbed or Fig. 6 . Gliotransmission is required for sleep pressure accumulation. A: Low frequency SWA during NREM sleep across the light phase is decreased in dnSNARE animals (n 5 7) compared with WT littermates (n 5 8). (P < 0.001, ANOVA, F 5 21.247, post hoc test, *P < 0.05). Following SD, the low frequency SWA is decreased in dnSNARE animals (P < 0.001, ANOVA, F 5 7.911, post hoc test, *P < 0.05). B: SD increases the total sleep time in wild-type (n 5 9), but not dnSNARE animals (n 5 8) during an 18 h recovery period compared with a baseline period (**P < 0.001). C: The increase in total sleep time after SD over the 18 h of recovery in the dnSNARE mouse is blunted when directly compared with that of wild-type animals (*P < 0.05). Adapted from Halassa et al., Neuron, 2009, 61, 213-219. were sleep deprived. Slices obtained from sleep deprived mice failed to exhibit L-LTP whereas normal L-LTP was observed in undisturbed mice. Similar to our behavioral data astrocytic dnSNARE expression or CPT application, both rescued L-LTP following a period of SD (Florian et al., 2011) .
How could astrocytes and adenosine regulate L-LTP and memory consolidation? Although further studies are required to examine this question, it is known that a postsynaptic elevation of cyclic AMP (cAMP) is required for L-LTP and memory consolidation (Vecsey et al., 2009) . As A1R can couple to G i which reduces cAMP, perhaps a glial source of adenosine during SD prevents the neuronal elevation of cAMP that is required for memory consolidation.
THE ASTROCYTIC CONTROL OF A1R REGULATES THE TRAFFICKING OF NMDA RECEPTORS
The ability of the astrocyte to impair memory consolidation during SD although exciting does not illuminate the adaptive value provided by such a glial pathway. At first sight it would seem that all that the astrocyte does is impair our ability to become sleep deprived and consolidate memories. Are there other effects that are beneficial? To illuminate how the astrocyte might provide such an advantage to the brain requires the understanding that elevated adenosine can regulate neuronal N-methyl-D-aspartate receptor (NMDAR) trafficking.
In our previous studies we noted an internal inconsistency between two sets of information that we could not account for based solely on the astrocytic control of A1R activation. Astrocytic dnSNARE expression reduced the power of slow oscillations and SWA. However, acute administration of A1R antagonist increased the power. This suggests either that dnSNARE is doing something in parallel to the regulation of A1R or that there is a delayed consequence of reducing A1R on an independent system. Because of the known importance of NMDA receptors for slow oscillations and because astrocytes can release D-serine a co-agonist for the NMDA receptor, we asked whether the magnitude of synaptic NMDA receptors may be reduced in dnSNARE mice. Using different approaches, we indeed found a selective decrease in synaptic NMDA receptors without a corresponding alteration in alpha-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptors. We monitored the AMPA/ NMDA ratio and found that it increased in dnSNARE mice. Using average miniature excitatory post-synaptic currents (EPSCs), we were able to dissect the relative contribution of AMPA and NMDA receptors to the mEPSC and found that astrocytic dnSNARE expression selectively reduced the synaptic NMDA component. Finally, using surface biotinylation approaches, we found that the surface expression of the NR2A and NR2B subunits of the NMDA receptor were reduced in dnSNARE mice. In agreement with the biochemistry, pharmacological studies indicated that this effect could not be accounted for solely by a reduction in co-agonist availability, but rather there was a change in the distribution and trafficking of NMDA receptors (Deng et al., 2011) .
We next asked whether this change in NMDA receptor trafficking was downstream of the change in A1R activation. Our results allowed us to conclude that the activation of neuronal A1R (presumably postsynaptically localized) causes an activation of the Src family of tyrosine kinases (Src kinase), which in turn regulates the phosphorylation of critical residues on the NMDA NR2 subunits. Src kinase dependent tyrosine phosphorylation of NR2 subunits can modulate both channel gating and the rate of subunit endocytosis (Salter and Pitcher, 2012) . Pharmacological inhibition of A1R caused reduced activation of Src kinase, reduced tyrosine phosphorylation of NMDA receptor subunits, reduced surface expression, and reduced NMDAR synaptic currents. In contrast, in dnSNARE mice, where NMDAR currents are already reduced, addition of an A1R agonist led to a Src kinase dependent increase in tyrosine phosphorylation of the NMDAR subunits and greater synaptic NMDAR currents ( Fig. 7 ; Deng et al., 2011) .
Returning to the initial dilemma about our data-we also found that the change in NMDAR currents was delayed (1 h) from the time of pharmacological activation/inhibition of A1R (Deng et al., 2011) . This temporal distinction allows us to explain the apparent experimental disconnect. Acute inhibition of A1R will lead to a local dis-inhibition of the circuits and thus an increase in power of slow oscillations. However, more prolonged inhibition of the A1R will lead to a delayed reduction in NMDAR current potentially explaining why dnSNARE expression led to a reduced power of slow oscillations and SWA. In agreement with this possibility, when we acutely antagonized both A1R and NMDAR, we found a decline in power of slow oscillations (Fellin, 2009) .
CONCLUSIONS AND FUTURE DIRECTIONS
There is considerable evidence that astrocytes release a variety of gliotransmitters, including glutamate, D-serine, and ATP (Halassa and Haydon, 2010) . Much of the work has focused on how these transmitters affect synaptic transmission on a second to second time scale. At one extreme it is now recognized that astrocytes play an important role in spike-timing dependent plasticity with integrative roles on the time course of tens of milliseconds (Min and Nevian, 2012) . At the other extreme we now know that astrocytes play modulatory roles on the time course of hours and that by controlling the extracellular levels of purines, the astrocyte modulates sleep homeostasis and memory consolidation (Florian et al., 2011; Halassa et al., 2009) . Some key challenges that lay ahead are to understand how the same cell type can integrate information over a range of time scales from milliseconds to hours-a temporal range of more than five orders of magnitude. Though we have focused on purines in this review, it will be intriguing to determine if there are similar wakefulness dependent changes in the release of glutamate and D-serine and whether differential mechanisms exist to control the release of each gliotransmitter. Much of our attention has focused on Ca 21 , presumably because we can measure it. Recently, however, evidence has been presented to demonstrate that diacylglycerol can stimulate ATP release from cultured astrocytes (Mungenast, 2011) . Does this allow selective control of ATP release over other gliotransmitters? In addition to stimuli that can cause the release of ATP, it must not be forgotten that changes in the expression or post-translational modifications of either the ENTs responsible for uptake of adenosine, or of adenosine kinase, which phosphorylates adenosine, would lead to altered extracellular adenosine.
Concerning sleep homeostasis and learning and memory, there is now clear evidence provided by numerous laboratories about the importance of the regulation of adenosine in sleep homeostasis (Basheer et al., 2000; Florian et al., 2011; Halassa et al., 2009; Palchykova et al., 2010; Schmitt et al., 2012; Stenberg et al., 2003; Thakkar et al., 2003) . This extends to humans where polymorphisms in adenosine deaminase affect sleep (Bachmann et al., 2012; Retey et al., 2005) . Beyond the control of adenosine, there is also converging evidence from several laboratories showing that the astrocyte plays an important role in this process.
Sleep disorders are co-morbid with numerous disorders of brain function: depression, schizophrenia, Parkinsons disease, Alzheimer's disease, alcoholism, and epilepsy to name a few (Bhatt et al., 2005) . We do not fully understand how much the sleep disorder contributes to the dysfunction as opposed to the pathology of the disorder causing a co-morbid sleep disorder. As the astrocyte is pivotal in regulating sleep homeostasis, it will be intriguing to examine whether the astrocyte could be a target to help ameliorate the disorder of the brain.
In closing, the work of the past 20 years has provided an incredible illumination of how astrocytes can influence brain function. Perhaps in the next decade, this information can be used to identify astrocytic targets for treatments of certain brain dysfunctions. Fig. 7 . A1R activation enhances NMDAR currents via tyrosine phosphorylation of Src Kinase in dnSNARE mice. A: Slices from dnSNARE mice were incubated in CCPA (100 nM) for 1 h. In the presences of TTX, CCPA significantly increased tyrosine phosphorylation of Src and NR2B, as well as the surface expression of NR2B (n 5 4, *P <0.05). B:
In slices from dnSNARE, NMDA components of mixed mEPSC significantly increased after CCPA incubation, and the increase was blocked by PP2 (control: 13 cells from 7 mice, CCPA: 11 cells from 7 mice, CCPA/PP@: 11 cells from 6 mice). Adapted from Deng et al., Glia, 2011 , 59, 1084 -1093 
